Natural fractures are important conduits for fluid-flow and can control the deformational behavior of rock. The accurate evaluation of natural fracture geometry in the subsurface is difficult because of the sampling problems inherent to wellbores and indirect investigation methods such as seismic. Because of these limitations in observational capability, predictive models are needed to provide more constraint on natural fracture characteristics. One approach is to look at the mechanics of fracture propagation in sedimentary rock as controlled by subcritical crack growth (also known as stresscorrosion cracking). We have measured the subcritical fracture properties of numerous sedimentary rocks, including core samples from petroleum reservoirs, in conjunction with detailed petrographic analysis.
Introduction
The direct characterization of natural fracture network attributes such as length, spacing, aperture, orientation and intensity in most reservoirs is very difficult, primarily because of the low probability of intersecting vertical fractures with vertical wellbores.
1,2 Accordingly, various predictive schemes based on geostatistics, 3, 4 or geomechanical models [5] [6] [7] are used to estimate subsurface fracture attributes.
Statistical approaches fit distributions of fracture characteristics to available data. The statistical fit can treat different fracture attributes independently, or it can incorporate interdependences into the fit, 8 but in either case, the result is dependent on available direct fracture observations. Alternatively, geomechanics-based simulations of fracture attributes combine a physical understanding of the fracturing process with measurements of a small set of rock properties and geologic boundary conditions to predict fracture network properties, even in the absence of direct observations. This approach provides for the determination of physically reasonable fracture attributes, and of relationships between different fracture attributes. 6, [9] [10] [11] The geomechanical model used here is based on subcritical crack growth. Although subcritical fracture velocities are several orders of magnitude slower than rupture velocities, 12 natural fracture growth can be significant in tectonically strained crustal rocks. [12] [13] [14] A number of studies have demonstrated subcritical crack growth controls of fracture spacing and length distributions, 9, 13, 15, 16 connectivity 17, 18 and fracture aperture. 16, 19 Subcritical crack growth can be described by the empirical relationship 9, 20 
where V is the crack propagation velocity, K I is the mode I stress intensity factor, K Ic is the fracture toughness, and A is a constant. The exponent n is called the subcritical fracture index. The influence of this parameter on fracture pattern geometry is illustrated in Figure 1 . 16 The fracture sets were generated using the same stress environment and number of starter flaws, but using a range in values of the subcritical index. For low values of n (less than 10), computed natural fracture patterns exhibit small spacing relative to bed thickness. At high values of the subcritical index (n = 80), fractures are spatially arranged in widely spaced swarms or clusters. Intermediate values (between 20 and 40) result in more regular fracture spacing that is roughly proportional to layer thickness.
Discrete fracture flow modeling of geomechanically-generated fracture patterns indicates effective permeability will vary with subcritical index, primarily through its influence on fracture length distributions. 21 
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The subcritical index can be measured in the laboratory, 12, 20 and subcritical index values for a wide range of rocks have been reported, 22, 23 although no systematic variation with petrographic properties has been reported for sedimentary rocks.
For the purpose of natural fracture pattern interpretation and prediction, present-day subcritical index values may be problematic as fractures may have developed when the rock was in a different diagenetic state. Although grain size and grain mineralogy are unlikely to change significantly with sediment burial and lithification, porosity and intergranular cementation are likely to continuously change with time. If the impact of variations in specific microstuctural elements such as cement on subcritical crack behavior can be quantified, extrapolation of present-day properties to fracture formation episodes can be carried out using diagenetic models.
In the following, we discuss measurements of the subcritical crack index in various rock types from outcrop and subsurface samples.
Additionally, subcritical crack measurements and deatiled thin section analyses were carried out on core material from two gas-producing formations, and the analysis is based on concepts derived from stress corrosion cracking of polycrystalline metals and ceramics. 24 The laboratory test procedures and measurement results are described in the following section, and a brief review of the theoretical analysis of microstructure controls of subcritical crack growth is given in the next section.
Laboratory Tests of Subcritical Crack Growth
Subcritical crack growth measurements were carried out with a constant-displacement, double-torsion testing procedure, 25, 26 using thin-section sized rock specimens. In this configuration, stress intensity is independent of fracture length, and a complete propagation velocity vs. stress intensity factor curve can be obtained from a single load decay measurement on opaque samples. Total crack propagation during a single load decay is often much less than the length of the specimen, and multiple tests can often be carried out on the same test specimen. Special measurement techniques 23 designed for compliant and heterogeneous sedimentary rocks were used.
Measured subcritical indices from a wide range of rock types are summarized in Table 1 . Although we do not have detailed petrographic information on these samples, some basic trends appear in the data:
1. Subcritical indices for sandstones measured under dry conditions vary from 35 to 80, with most values being in the 50's and 60's. The values tend to be higher for lower-porosity material. 2. Subcritical indices for carbonates are considerably higher (100-300 for dry conditions) than for sandstones. 3. Tests carried out under water-saturated conditions reduce the subcritical index measured compared to dry conditions as expected, 22 but the effect is much stronger for the high index carbonates.
For oil-stained specimens, the effect of water is minimal.
Clearly, rock type exerts an important control on subcritical crack behavior, but a more detailed investigation was performed on two sandstone formations in hopes of identifying links between specific petrographic properties and subcritical index value. For this study, we chose two tight-gas sandstone formations where natural fractures are considered contribute significantly to producibility. 27 The first set was selected from the Dakota Formation of the San Juan Basin, New Mexico. A second set of measurements was carried out on samples selected from the Travis Peak Formation of East Texas.
Dakota Sandstone. Results from the subcritical crack and point count measurements on the Dakota Sandstones samples are summarized in Table 2 . Suites of 5-10 test specimens were prepared for each of 12 cores extracted from different depth intervals. Some of the data are repeated from Rijken et al., 28 but the table now includes petrographic analyses for all the depth intervals used for the subcritical crack measurements. The petrographic properties listed in the table are: porosity, framework grains (quartz, plagioclase, and potassium feldspar), rock fragments (chert, clay clasts, carbonate rock fragments, volcanic rock fragments), matrix (pyrite, associated clays, pseudomatrix), and cement type (quartz, dolomite, and iron dolomite).
All tests results shown were carried out under nominal room conditions of approximately 22°C and 70% relative humidity. Subcritical crack growth processes such as stress corrosion cracking are chemically driven, and weakening of silicate bonds by hydroxyl ions is what causes the lowering of subcritical crack indices in the presence of water. 20, 29, 30 Unfortunately, the presence of substantial amounts of clay in these specimens led to mechanical failure of most specimens in the presence of water. No well-defined subcritical indices appropriate for water-saturated conditions could be determined for the Dakota Sandstones.
After the subcritical crack measurements, one thin section was prepared from each of the depth intervals for petrographic analysis using either a conventional thin section or a cathodoluminesence (CL) image. 31 Secondary electron (SE) images and CL images were also used to examine the nature of the created subcritical crack (Figures 2 and 3) . A secondary electron (SE) mosaic for one of the Dakota specimens, with SE and CL close-ups (Figure 2 ), shows the wandering, sometimes en echelon nature of the fracture produced in the subcritical tests. The close-ups show that the fractures break through grains (such as the indicated carbonate grains) as well as cut cement between grains (such as between the quartz and feldspar grains indicated). Figure 3 shows another example of both transgranular and intergranular fracture for quartz grains. This type of fracture morphology, particularly the fracturing between grains, is very similar to that found in microscopic examination of natural fractures in low porosity sandstones. 32 The identification of systematic subcritical index dependence on petrographic properties in the Dakota Sandstones is complicated by the simultaneous variation of numerous features for a relatively small (12) number of samples (Table 1) . Several attempts at simultaneous fits to various combinations of petrographic parameters were attempted. An example result (Figure 4) is described by the equation
where G qtz , G cht , and G cly are normalized volume percentages of quartz, chert and clay clasts, respectively, and C qtz and C Fed are the normalized volume percentages of quartz and ferroandolomite cement, respectively. Each parameter was normalized so that its minimum to maximum measured value ranged from 0 to 1 for the regression fit. Under these conditions, the magnitude of the coefficient before any variable indicates its relative importance in the regression. Using this principle, the original 14 parameters describing the Dakota petrography were narrowed to the five in equation (2) . In equation (2), the coefficient for both quartz and ferroandolomite cement are equal, showing that further simplification of the regression model is possible by combining C qtz and C Fed into one parameter with no loss in goodness of fit.
This regression produces a good fit, but it is unclear whether equation (2) would be predictive for new samples given the limited dataset used to produce the model. It is possible that much of the regression is dominated by the extreme values in the data. In general, however, the regression fit and the detailed results suggest the following hypotheses: 1. Larger volume percentages of quartz grains result in higher subcritical indices. The samples from the depths of 7090, 7205 and 7218 ft (Table 2) show that the lowest quartz grain percentage samples have the lowest subcritical indices. 2. Increasing cement volume (quartz and ferroan dolomite) increases the subcritical index. The sample with the largest amount of ferroan dolomite has the lowest subcritical index (7205 ft), but it also has a very low quartz cement volume, so the sum of the two cements is not as extreme. 3. Plotting subcritical index against quartz cement fraction (fraction of the total cement volume that is made up of quartz) shows a fairly strong trend, although the slope changes sign at around 10% quartz cement fraction ( Figure 5 ). 4. There is a strong dependence on clay clast percentage (it has the highest coefficient), but this is a result of the fact that the highest subcritical index sample (7236 ft) has the highest clay clast percentage, with no strong trend for the other depths. This may be a real effect that clay has on fracture behavior or a mere coincidence. Travis Peak Sandstone. This sand-rich, lower Cretaceous fluvial-deltaic deposit has a wide range of grain size and cement types but lacks the variety in lithic fragments found in the Dakota Formation samples. 33 Thin section images ( Figure  6 ) illustrate the simple mineralogy of the material. The two images show representative examples of quartz overgrowth cement and intergranular carbonate cement.
Multiple test specimens were prepared for each of 10 depths from several Travis Peak wells (Table 3) . Sample depths were selected on the basis of variations in cement, porosity, and grain size. Test specimens were prepared by polishing thin slabs that were cut using a petroleum-based oil as coolant. For most of the specimens, two to three subcritical growth tests were carried out. Several different test conditions were used for the measurements on Travis Peak Sandstones, including the introduction of artificial cements into some of the specimens. Most of the specimens from each depth were bathed in toluene to remove oil and other impurities from the pore space, but five specimens were tested without cleaning. Of the cleaned specimens, six were additionally tested under water-saturated conditions to assess the effect of water content on subcritical crack behavior.
The average subcritical index for the fourteen cleaned specimens tested under dry conditions was 59, with most specimens falling with ±10 of that value. Considering these samples were all from different depths with varying grain size and cement content, the lack of variation was surprising. Nine of those specimens were tested additionally under watersaturated conditions with very little effect. This lack of susceptibility to water was also unexpected and has not been explained. We have only seen such behavior previously in oilstained specimens.
We again attempted a multiple-parameter, linear regression on the Travis Peak data (Figure 7 ). Using five parameters picked using the same normalization and elimination scheme described for the Dakota samples resulted in the equation
where G feld is the normalized volume percentage of feldspar grains, C carb is the normalized volume percentage of carbonate cement, Φ is normalized porosity, and D grain is the normalized mean grain diameter. Again, the predictive capability of this expression is not clear, but it does suggest that grain mineralogy, cement content, and in this case, porosity and grain size, appear to have some influence on the subcritical index (grain size was not measured for the Dakota samples). Although the details of the Travis Peak regression results are not the same as the Dakota results in detail, they do demonstrate similar dependencies. The amount of framework grains (both quartz and feldspar) has the strongest influence, the amounts of carbonate cement and porosity have roughly equal but lesser influence, and quartz cement and grain size follow.
Artificial, Pore-filling Cement. An organic compound, phenyl salicylate (Salol), was used to bond test specimens to a backing plate for purpose of pre-test specimen polishing. We discovered that this procedure resulted in the unintentional partial saturation of the specimens with Salol. The behavior for tests indicated as untreated (Table 3) shows this remnant Salol tends to reduce the subcritical index compared to samples that were cleaned with Toluene (Salol is highly soluble in Toluene).
Although not reported in the table, fracture initiation in the altered samples required a larger load than the unaltered samples, showing that the additional cementation increased the rock's fracture strength, once fracture growth began, the slope of the power-law dependency of the propagation velocity on stress intensity factor (equation 1) was weaker, illustrated by the drop in subcritical index values. We further investigated this secondary cementation effect by intentionally saturating samples with Salol (under molten conditions) and sodium silicate (in aqueous solution). While the cleaned specimens had an average subcritical index of 59 (none lower than 42), the subcritical index for the three tests intentionally saturated with Salol ranged from 13 to 17 and averaged 15.
We interpreted this change in subcritical index due to artificial modification of our samples to be a proxy for secondary pore-filling cementation of a sandstone. Since the effect might be sensitive to the type of secondary cement introduced to the specimen, we also saturated one sample with sodium silicate via an aqueous solution (Table 3 , sample depth 9817 ft). The subcritical index was reduced from 53 for the dry, unaltered specimen to 25 for the sodium silicate saturated one, very similar to the Salol-induced reduction of the subcritical index to 13.
Discussion and Conclusions
A rock goes through a long history of diagenetic changes, and there can be substantial rock property changes after natural fracture propagation. The need to "age" or adjust the properties of rock through geologic time to better predict mechanical response was the motivation for much of this work. Diagenetic modeling can predict the progression of compaction and cementation through time with a high degree of reliability. 34 Fracture timing can be determined through fluid inclusion work on vein filling by estimating a temperature for fracture initiation. For instance, based on East Texas burial and temperature history, fracture initiation in the Travis Peak is estimated to be approximately 52 Ma. 32 Combining diagenetic modeling, structural history data and the knowledge of the relationship between diagenetic state and subcritical crack index (as well as other mechanical properties) can move us toward a more accurate prediction (or diagnosis) of natural fracture network characteristics. Our current understanding of the influence of the subcritical fracture index on natural fracture is based on geomechanical modeling. 9, 16 The fracture pattern implications of the described experimental work are that, given the same loading history in the presence of non-corrosive fluids (driven by gas or other hydrocarbons), sandstones (with their lower subcritical index values) would have higher fracture intensity and less fracture clustering than low porosity carbonates (such as the Austin Chalk, Honaker Trail and Cupido Formations which tend to have higher indices). Higher porosity carbonates (such as the Clear Fork Dolomite and Yates Field formations) will act more like the sandstones. However, the high subcritical index carbonates will behave more like sandstones under watersaturated conditions. Published fracture data appears to be consistent with our interpretations -the Cozzette 35 (n≅65 dry) has somewhat clustered fracture spacing, while the Austin Chalk 36 (n≅100 dry) and the Honaker Trail Formations 5 (n≅250 dry) show very strong clustering. However, more precise interpretations of fracture pattern geometry require detailed knowledge of geologic basin history and fracture timing. It is clear from our testing and analysis results that linking subcritical fracture behavior to the petrographic properties of rock is a difficult task.
Multiple parameters vary simultaneously from sample to sample, making it difficult to isolate any particular process, such as quartz cementation, to improve our understanding of subcritical crack behavior. However, the kinds of parameters that show up in the linear regression analysis presented seem consistent with our microscopic observations of both transgranular and intergranular fracture propagation, which would be controlled by grain and cement mineralogy, respectively. Further progress in understanding the dependency of subcritical fracture properties on rock petrogaphy will be gained through larger natural sample database analysis as well as testing artificial samples with precisely controlled mineralogy. The clear and consistent results of adding secondary, pore-filling cement to our natural sandstone samples suggests a high potential for success under simpler, controlled experimental conditions. 
